Influence of early life exposure, host genetics and
diet on the mouse gut microbiome and metabolome
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Although the gut microbiome plays important roles in host physiology, health and
disease!, we lack understanding of the complex interplay between host genetics and early
life environment on the microbial and metabolic composition of the gut. We used the
genetically diverse Collaborative Cross mouse system? to discover that early life history
impacts the microbiome composition, whereas dietary changes have only a moderate
effect. By contrast, the gut metabolome was shaped mostly by diet, with specific non-
dietary metabolites explained by microbial metabolism. Quantitative trait analysis
identified mouse genetic trait loci (QTL) that impact the abundances of specific
microbes. Human orthologues of genes in the mouse QTL are implicated in
gastrointestinal cancer. Additionally, genes located in mouse QTL for Lactobacillales
abundance are implicated in arthritis, rheumatic disease and diabetes. Furthermore,
Lactobacillales abundance was predictive of higher host T-helper cell counts, suggesting

an important link between Lactobacillales and host adaptive immunity.



To decipher the respective contributions of host genetics, early life history and diet on
the gut microbiome we leveraged 30 independent, genetically distinct Collaborative
Cross (CC) mouse strains (Fig. 1a and Supplementary Table 1), a large multi-parental panel
of recombinant inbred strains with defined single nucleotide polymorphisms (SNPs) that
captures 90% of the known variation in laboratory mice. Sixteen strains were
maintained in a specific pathogen-free (SPF) facility (Built Environment 1, BE1), and 14
additional strains were maintained in a barrier facility that screens for additional
infectious agents, including 3DWWMXUHID SQHXP RARSLIFDand + HDFREDRWBuilt
Environment 2, BE2). Mice were fed the same water and food sources at both locations.
Faecal samples were collected at 12 weeks of age (Fig. 1a) and the gut microbiome
composition was characterized by sequencing 16S rRNA genes (V4 hypervariable region;

Supplementary Table 2).
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OTU data—a member of the Clostridiales (family unknown, Fig. 2a, green track).
Abundances of other bacterial families were also controlled by multiple genetic loci (Fig.
2 and Supplementary Table 6). Interestingly, the major histocompatibility complex (MHC)
locus on chromosome 17 was significantly (P <0.0001) linked to the abundance of
Lactobacillaceae (Fig. 2b,c), consistent with an earlier report showing that MHC variation
shapes microbial communities in the mouse gut, in particular the genus Lactobacillus®.
Our findings also support earlier reports showing an association of the gut microbiota
with host genetic variations*>%7. However, on leveraging the CC mice we identified over

a hundred novel genetic loci that impact the gut microbiome.
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, Genomic architecture of QTL for gut microbiome composition. The outer layer shows chromosome location (each
chromosome is uniquely coloured and labelled; major tick marks within each chromosome arm correspond to 25
Mb). The second layer (grey) shows the number of OTUs at each SNP that reach QTL significance (Mann-Whitney
test, ”1x107%). The third layer (red) shows the genomic intervals based on QTL significance for «10 OTUs. The
fourth layer (green) shows the number of OTUs at each SNP that reach QTL significance for Clostridiales (family (f.)
unknown), with the red line indicating 10 OTUs. The 5th-11th layers represent genomic intervals based on QTL
significance for Clostridiales f. unknown, Clostridiaceae and Lachnospiraceae, Deferribacterales f.

Deferribacteraceae, Bifidobacteriales f. Bifidobacteriaceae, Lactobacillales f. Lactobacillaceae and
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7R LOYHVI DV ViKH DARFLDARQ Rl VIKH I XWP LFURELRP H Z IV KRWASKHQRWSHVY DQG
EHKDYLRXU Z HP HDVXUHG ERG\ Z HLJ KWURVIBLRG SHURUP DQFH DQG LP P XQH FH@DEXQGDQFH
LQVIKH P LFH 5DQGRP | RUHVADQDOMY LQGIFDVAG VKDW DFVRREDFLADFHDH DEXQGDQFH Z DV
SUIHGIPWH Rl 7 FHOFRXQW LQ SHUSKHWDCEGRRG ) L) D DGMWWHKG 3 GUYHQ
SUHGRP LODQUD B\ 7 KHSHUFHOBIYHY DENWWHG 3 EXVWQRWZ  VXSSUHWRUFHD
GYHY )LJ D 0 RGHVADWRFIDWRQV Z HH IRXQG |RU% FH@FRXQW ERG\ Z HIKWDQG
LRVBLRG SHURWP DQFH 6XSSGP HQEU )L] 7 KHVH UHVX®V DUH FROMAMQAZ MK LHSRUNV
WDW  / DRVREDALAXV FRQVXP SVIRQ LV DWRFLDMG Z VK DQ LOFUHDH Q&' FRXQWLQ
SDAHQW Z MK + ,9 / DRVREDALGD FDQ UHI XMW EHKDYIRXUIQP IFH DQG  / DRVWEDALQD
FDQ VHUYH DV QDMXUDCHQKDQFHUY Rl FHIX@ULP P XQH UMVSRQVHY 2 XUUHVXAOV XVIQJ DQRQ
VU HVWAG DSSLRDFK VR DWHW \KH P LFLRELRP H H WQG VKHVH 1 LQGIQIVE\ GHP ROWDAQJ
WDWRQO / DRVREDALAR KDYH WIMMAFD®D WLJ QU LFDQWDAWRFLDARQV Z WK 7 FHOFRXQW

HP SKDV] LQJ VIKH LP SRUBQFH R / DRVREDALAD | RUKHDOK Rl VIKH KRVW
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The QTL that were specifically associated with Lactobacillaceae abundance in mice

displayed significant enrichment for genes implicated in autoimmune disorders such as



diabetes and arthritis (Fig. 3¢). Examples of candidate genes in QTL linking Lactobacillus
QTL with human phenotypes (Fig. 2b) include Prospero Homeobox 1 (Prox1) on
chromosome 1 (associated with type 2 diabetes, obesity and fasting glucose levels),
Catenin Alpha 3 (Ctnna3) on chromosome 10 (associated with serum pyroglutamine
metabolite levels and arrhythmogenic right ventricular dysplasia, familial 13) and Insulin
Like Growth Factor 2 MRNA Binding Protein 2 (Igf2bp2), Transformer 2 Beta Homolog
(Tra2b) and ST6 Beta-Galactoside Alpha-2,6-Sialyltransferase 1 (St6gall) on chromosome
16 (associated with type 2 diabetes and colon adenocarcinoma and colorectal cancer)!?13:
141516 These results suggest an important role for host regulation of Lactobacillaceae
abundance in health and disease and are concordant with recommendations for the use
of probiotics containing Lactobacillus species as adjunctive therapies for the treatment of

rheumatoid arthritis and diabetes!”18,

Candidate genes located within the boundaries of the 169 identified QTL (2,699 genes;
Supplementary Table 5) were analysed to assess additional human relevance. We found
that genes controlling the abundance of specific members of the microbiome were
significantly enriched in human gastrointestinal cancer (1.02 x 1077 < P < 3.17 x 10719),
inflammatory responses (1.75 x 1073 < P < 7.15 x 107%) and lipid metabolism (2.38 x 1073 <P <
6.35 x 10~°) (Fig. 3b), providing further evidence for the involvement of both host genetics
and the gut microbiome in health and disease. Genome-wide association (GWA) analysis
was used to identify the genetic loci associated with abundance of microbial taxa at the
family level. We found 13 of the taxa associated with QTL that contained >100 genes
(Supplementary Table 7), of which 7 were significantly enriched for human genes
implicated in gastrointestinal tract cancer (Fig. 3¢). Comparing the mouse genes to a
previously compiled list of human disease-related genes identified by GWA studies
(GWAS)!, a significant overlap was observed for genes associated with Crohn's disease,
coeliac disease, ulcerative colitis and type 2 diabetes (Fig. 3d and Supplementary Table 8).
We conclude that candidate mouse genes within the loci identified as controlling
microbiome abundance exhibit significant overlap with human genes previously linked to

disease states, suggesting that the microbiome may contribute to their aetiology.

Investigation of the faecal metabolite composition allowed us to determine the influence

of early life environment and diet on the gut metabolome. For these analyses we focused
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7 KH P HVBEROVAV VLI QU LFDQWD FOOAHG B\ GLHWZ MK G T HUIHQFHV LQ UHDWYH DEXQGDQFHV R
SIRMIQRIHQLF DP LOR DFIGV P RQR  DQG GIVDFFKDUGHY WHLRY DQG | WV DFLGV GUYLQI VKH
VHSDUDARQ ) L] DE DQG6XSSGP HQWEU )L D 7R YDOGDM VIKDAVKH J XWP HVBERGRP H LV
SUP DUO® QI HQFHG B\ GIHWIRXU&& VWDV Z HH P DIQIIQHG RQ"' IHW IRURQHZ HHN
WHQRQ' IHW IRURQHZ HHN EHRWHVZ IWMPKLQJ EDFNVR' LHW |RUDQ DGGIMRQDCZ HHN ) UMK
| DHFDOVDP SGV Z HH FRIBIMG DWIKH HQG RI HDFK Z HHN IRUP HVBERGRP H SURI LOXQJ

6XSSBP HQMU 7DE®  $OKRXJIK RQD VXEWBI FKDQIHV Z HUH REVHUYHG LQ P LELRELDO
DEXQGDQFH 6XSS®P HOWU )LJ E 3 VKHUH Z DV D P DNRUDQG UHYHUAE®! VKLWQ
VKH P HVEER®P H SURI LI VKDAFRIQFLGHG Z WK GHVIBU. FKDQIHV ) LI F - GHP ROVADWARQJ VKDY
WKH P HVEERE&RP H SURI LG LV @I HO LQI XHQFHG B\ GLHW

: HXVHG DP HBERQTF P RGHIQ EDVHGIWDP HZRW 0,0 26$ VR IGHQW\ P HVIERDMV
Z KRVH YDUDARQ DFLRW\DP SOV LVH SGIOHG E\ YDUDWRQ LQ VIKH P HVZERTE SRVQADCR! VKH
P LFURELRP H EDVHG RQ G I HIHQFHV LQ VSHFLHV FRP SRUMRQ DQG HP DG JHQH

FRP SRUMRQ % DSSOLQI 0 ,0 2 6$ VR VIKH SRRBIG VHMRI P HVEERGRP H\DP SOV ILRP ERVIK
GIHW Z HIRXQG VKDAYDUDARQ LQ GIHVIU. P HVBEROWAV FRP SRXQGV GHWFWAG LQ FKRZ
SHIBWE\ P HBEREP LFV Z DVSRRW H SOIOHG E\ P LFURELDCFRP P XQW FRP SRUMRQ
6XSSOP HQDU 7DEGN DQG  + RZ HYHU WWH YDUDWRQ LQ DKLIK SLIRSRUARQ Rl QRQ
GIHIU P HVEERDWAV RAMVR P HVEEROWMA QRAGHWIFWAG LQ FKRZ  Z DV FROVMMQW
Z IV SUHGLFWAG FRP P XQIW P HZERTF SRIMQWDO&0 3 VXJJHWAQJ D VXEWIDQADOLR®H IRU
P LFURELDCP HVBERDWP 1Q P HVZERDWMA i QIHVY DQG RUGHJ LDGDARQ 6XSS®P HQRU. ) LI

D 6SHFLLFD® VKH REVHUYHG YDUDARQ LQ P DQ\ JXWP HVBERQVMV Z DV FROVMMQAZ LV VKH
SUIHGIFWG &0 3 LOFOXGLQJ K\ SR DOWIQH / KRP RHUQH K\ GUR] \ LQGRODFHVIDW DQG
FKRDWM 6XSSOP HOEU )LJV DQG 0 RWHP HIEROWMV YDUHG FROUWMMQD Z LK
SUHGIFWG &0 3 LQVDP SOV IRP ViKH QXWIMRQD@ WP SOU' HW  VXJIHWAQD VIKDANKH
P LFLRELRP HP D\ KDYH D @UWHUDQG P RUH GLLHAWP SDPARQ VIKH | DHFDOP HVZERGRP H LQ VKLY
FROW{ W7 KH SUHGLFWAG &0 3 Z DVGUYHQ E\ VIKH P HVZERTE SRVQUDCR! D GLYHUWH VAR
W[ D LOFOXGLQJ 2 78 VILRP VIKH SK\ @) LLP LEXVIAV YDFWAURIGHAV DQG $ FMOREDAAUD ) L] ¢
DQG 6XSSOP HQEU )LV DQG  , QMHMQIO® ViKH P HDVXUHG FROFHQWDARQV Rl VHYHLDO



P HVEERDMV SUHVHOWO RQH RUERW GLHW Z HIH QHI DAYH® FRUHDWAG Z LW SUHGLFWAG &0 3
P RW® RQVKHEDMVRI P LFURELDOGH]WDGDAMRQ HYJ \ P HV 6XSSGP HQEU )L]  E
LQGIFDAQ) VIKDW RRG FRVILQLQJ VIKHVH P FVEER@AMV FRXES GLLYH VIKH H SDOMRQR! P LFLREHV
WDAKVHWKHP HI LFLHQWD 7 KHVH | LQGLQIV KLI K@ KWWKH FRP ELQHG LP SDFWRI GLHWDQG

P LFURELRP HFRP SRUMIRQ RQ VKH JXWP HVEER®RP H DQG ViKH FRP S®{ LOWADFVRQY EHVE HHQ
KHP

2 XUMXGHV XMQJ WH &8& P RXVH FRKRUADQG DQ LOWAI LDAG i WP DWF DQDOMY SDUDGLIP
HYHDBIG KRZ JXWP LFLRELRP HFRP SRUMRQ DQG | XQPVIRQ DUH VKDSHG B\ LOWDPMRQV

EHVE HHQ KRV HQRWSH HDUD @ H HQYLLRQP HOWDQG GLHWDQG LGHQWI LHG VHYHUDOKRWW
JHOHMF GRFLVKDWUHI X@WA P LFURELDCDEXQGDQFH 8 MIQJ P X@WYDUDWA DQDOMY Z H TXDQW LHG
VKH UHDYH LQI OXHQFH Rl HOYLLRQP HQWDQG J HQHFV RQ P LFLRELDCDEXQGDQFH DQG

GHWALP LOHG VKD HQHFV SM) V D @UI HULR®G! VIKDQ HQYLLRQP HOW6XSS®P HQEU ) L

7KLV WXG SURYIGHV DI RXQGDARQ | RUIXWKUH LOYHWAD DARQV Rl KRZ  UHFLSURFDOLQWALDFVRQV
EHVE HHQ KRWI HQRWSH HQYLLRQP HQVIZO DFVRUWY JXWP LFURELRP H DQG P HVBER®P H

FRP SRUMRQV FROQMEXWM VR DZ IGHVSHAWXP Rl P DP P DIDQ WDIW DQG GM-DWH
VXVFHSWELOW

0 VKRGV

0 RXVHKXVEDQGU DQG | DHFDOVDP S® FRGHFIRQ

0 LFHZ HH REVBLOHG [ LRP VKKH 6\ WP VV* HOHFV &RUH ) DFLOW DAWAKH 8 QLYHOMW RI 1 RUAK
&DIRAD 81&  ¥%HRHWHUHRFDARQVWR 81 & && QOHVZ HUH JHQHDWAG DQG EUHG DW
7HCBYLY 8 QLYHUAW [Q MDHO  * HQIDG IQ$XWADID DQG 2 DN5LGIH 1 DARQDO DERWDRU. 1Q
WH86$ $OWXGIHVZ HHSHURWP HGRQ\ RXQJ DGXOWP IFH DIH ¢ ZHH\WW ) RUHDFK R
VADIQV | RUMADIO LQIRLP DARQ DQG QXP EHURI UHS@FDW VDP SN VHH 6XSSGP HQIZU

7DE®!  VE R P DBV DQG VE R IHP DBV Z HH KRXVHG VHSDUDWA® DQG P DIQVILQHG RQ 3LFR/ DE
5RGHOW LHW 7KHQXP EHUR! && \AMDIQV XVHG LV VX1 | LELHQWR GHVWPI HQHAE
DWRFIDARQ 7 KH LOYHWAI DVRUY Z HIH QRWEQQGHG LQ ViKH DQDOMY R ViKH SKHORW SHV EHFDXW

WMH FRUHPWIHQRWSH RI && P LFH Z DV QHHGHG VR SHURWP JHQRWSHCSKHORWSH DQG

SKHORW SHCSKHQRWSH DWRFLDARQ DQDOMY 0 LFHILRP GU I HIHQAMADIQV Z HH D D\ V
KRXVHG LQ GUITHHQAFDIHV : HREVHUYHG D VIXEVB FKDQIH LQ P LELRELDCFRP SRUMIRQ LQ



samples collected 16 h after a cage change compared to <2 h. However, to collect
sufficient mouse faecal material for combined microbiome and metabolomic analysis, all
faecal samples were consistently collected from each cage, avoiding areas clearly
contaminated with urine, 16 h after cage change at 2, 4, 6 and 8 weeks after arrival at
Lawrence Berkeley National Laboratory (LBNL). All animal procedures were approved by
the UNC Chapel Hill or LBNL Institutional Animal Care and Use Committees.

Faecal samples were stored at -80 °C for downstream metabolite and microbial analyses.
Faecal samples from different strains were collected in the same way to avoid collection
and storage biases. Genotyping data for CC mice were obtained from UNC

(http: //csbio.unc.edu/CCstatus/index.py).

Faecal samples were collected from a different cohort of genetically identical young adult
mice at UNC Chapel Hill (maintained on Labdiet Prolab 3500) to determine the effect of
environment on the faecal microbiome and metabolome. Faecal samples were then
manually homogenized on ice with a micropestle, 0.25 g was used for DNA isolation, 0.05

g for metabolite extraction and the remainder stored at -80 °C.

0 LFURELRP H DQDO VHV

Genomic DNA was extracted from 0.25 g of the homogenized faecal samples using the
PowerSoil DNA Isolation Kit (http: //www.mobio.com/) according to the manufacturer's
instructions. PCR amplification of the V4 region of the 16S rRNA gene was performed
using the protocol developed by the Earth Microbiome Project
(http://press.igsb.anl.gov/earthmicrobiome /empstandard-protocols/16s/) and
described in ref. 26 using updated primers described in ref. 27. Amplicons were
sequenced on an Illumina MiSeq using the 150 base pair (bp) MiSeq Reagent Kit v2

(http: //www.illumina.com/) according to the manufacturer's instructions.

QIIME 1.9.1 was used to join, quality filter and demultiplex libraries from three MiSeq
runs?829, VSEARCH 1.1.3 was used to dereplicate, sort by abundance, remove single reads
and then to cluster at 97% similarity. VSEARCH was also used to check these clusters for
chimaeras and construct an abundance table by mapping labelled reads to chimaera-

checked clusters3%31:32, Taxonomy was assigned to the centroid of each cluster using the



4 IP HVFUSWDWIQBVI] RQRP \ S\ DQG VIKH * UHHQI HQHV GDZEDVH 7 KH FHQWRIGV Z HUH

D@ QHG VR * UHHQIHOHV Z VK 3\ 1 DWADQG D SK\ @RI HQHE WHH Z DV FROWUKFVIAG XMQJ
) DWY UH

6 VIVMMFDCDQDO MV DQG YIVXDO DARQ Z HH SHURWP HGLQ5 XMQJ VIKH SDFNDIHV 3K\ GRVHT
" (6HT DQGJISBRW YRWK %D C&XUA GMEQFHY DQG 8 Q) WDF GAMMBQFHV Z HH XVHG VR
FRP SDUH P LIFUREIDOFRP P XQMHV

47/ P DSSLQJ

6 GDDILRP  WDQV  \DP SOV Z HHXVHG LQ WH DQDOMY 2 78 VWKRZ LQJ
WLJ QU LFDQWGL T HUHQFHV LQ DEXQGDQFH WVIAVAB RU' (6HT DGMWWHG 3 EDVHG RG
VRXUFH EXL@BQ) Z HH [ LOMHG ILRP VKHGDD GDYIQ) 278V Rl DVRVIICR 7KHWH

2 78 VUIHSUMHOMG Rl VRVIDOVHTXHQFLQI GDVD * HOHAE DWRFLDWRQ Z DV DWHWHG [ RU
HDFK 2 78 VHSDUDWA® DQG 2 78 VZ HUH P HUJHG DAVKH [ DP L® BGIYHO* HQRWSH GDVID | RU

61 3VZ HHREVBLOHG [LRP VIKH8 1 & 6\ WP V* HQHWFV &RUH Z HEVIWM

KW FVEIRXQF HGX &&WIWXV LQGH S\ DQG | LOMUHG |RUP LORUDD®! ILHTXHOR | Rl
WH  && WDIQV GDYLQJ 613V $WHDFK 613 QRWPP DO HG2 78 FRXQWILRP &&
\VOP SGNV Z HIH DWLI QHG VR VIKHLU UHVSHPVYH DBV @ HVIKHQ XVHG VIKHO DQQC: KIVQH 8
VAW VIR VAMAKKCH VLI QL LFDQFH RI DWRFLDARQV EHVE. HHQ 2 78 DEXQGDQFH DQG DAbI®! FOMAHV
DAHDFK 61 3 : HXVHG SHLP XVIDMARQ VR DVFHUZLQ ViKH VLI QU LFDQFH Rl RXUUHVXGV RQ DQ
LQGLYLGXDC2 78 EDVV VR REVIZLQ D QRQSDLDP HALF HVAP DV Rl VIKH | DOH GIVFRYHUL LDWA ) ' 5
DVIR@RZ V ) RUGDVD FRP ELQHG DAVKH IDP LO® GIYHO 2 78 V1Q WH XSSHUDQG BZ HU
TXIQABVRI 3 YDXH VXP VDFLRW D@61 3V DSWR[\ IRUMIQDOR! JHOHWE DARFIDARQ DQG
2 78 VZ VK ViKH GRZ HMAWKXP VRI 3 YDOXHV Z HSHURWP HG SHLP XVIMRQV Rl VADIQ
LGHQW LH DQG VIKHQ FRP. SXVKG VIKH VDP H WIMMAE DAHDFK 61 3 6XSS®P HQEU. ) L

7KLV FRQILLP HGVKDADFXVRII R O®J 3 YDOXH | Z DV D FRQVHUYDWYH WUHVKRTS Z VK D
JHORPH ZIGH)' 5 Rl

47/ ZHHGHIQHGE PHUILQI 613VZIMKOR] 3 YDXH! ZIWIQ 0 ELQRP XOL 61 3

LOMUYDY 7 KRVH Z WK RQ® RQH61 3 Z HUH UHP RYHG DQG VKH UHP DIQLQU 4 7/ ERXQGDUHV
Z HH H WQGHG VR VIKH DANBFHOWQHLI KERXUQJ 61 3V 3 XVIMYH FDQGLGDM JHOHV Z HH
GH LOHG DVWKRWH JHOHV JHQFRGHYD  SDUAD® RYHUDSSLQJ Z IMK RUFRQVLOHG Z IMKLQ D

47/ @FXV 7KHQMRI FDQGGDM JHQHV Z DV DQDOVHG XMQJ , QJHOXIW 3DKZ D $QDOMY



FRQYHUMG LOWR KXP DQ KRP RBIXHV XMQJ VIKHO * | KRP R®RJ\ UMRXUFHV  GRZ QERDGHG
2 FVREHU DQG FRP SDUHG VR KXP DQ* : $6 GRZ QBRDGHGILRP ZZ Z HELDF XN JZ DV
WH  7KHWQULFDQFHRI RYHUDS EHVE HHQ P RXVH DQG KXP DQ FDQGIGDW JHQHV Z DV
FDBXMWG XMQJ &RQFHSW HQ KWB  FROFHSWHQQFIELRUW FRWIH FROFHSW HQ LQGH NS

9 VXDQ DARQ Rl JHOHWF DARFIDARQ DQG4 7/ Z DVSHURWP HGLQ5 XMQJ JISRW DQG JJEIR
DG Z WK &LLFRV

278 DAWRFIDIRQ Z WK KRWASKHOQRW SHV

KR® ERRG Z DV FREBFVMG LOVR HV\ GIQHGLDP LOHVWMIDDFHAE DFLG FRDWAG VWEHV DV
ZHHAWR DIHIQDFRKRUAR P IFHDFLRW  && \WMDIQV &RP SOMA EGRRG FHIFRXQW
Z HHDFTXLWHG XMIQJ D+ HP DOHW ) 6 /\ P SKRF\ WM VXESRSXOMRQV Z HH LGHQM LHG E\
| XRUAVFHQFH DPVYDWG FHVRUAQ) ) $&6 XMQJ FHD VSHFLLLE P DUNHWYY IRU%FHTY 7 FHQY
7 KHSHUDQG 7 VXSSUIHWRUFHTY $QUERGIHY %  94RVFLHQFHV XVHG | RUVKLY DQDOMY Z HH
DADQA P RX\VH&'  3( IDADQW P RXVH&& 5 %  3HK3 WDADQU P RX\\H&' D
DOUERG $3& DQG UDWDQW P RXVH&' DQMMERG $®{D  7KHSHFHQHVR FHYIQ
E®RRG Z HHGHMP LOHGRQD% ) $&6 &DIEXU %HFVRQ' LENQVRQ DQG GDVID Z HH DQDOVHG
Z W) ®RZ-RVRIVE DLH 7UHHBVIU %RG. Z HIKWDQG LRVIBLRG SHURWP DQFH Z HUH P HDVXUHG
DVGHVFUEHG SUIHYIRXM® DWW  Z HHWRI DIHIRUDFRKRUARI P IFHDFLRW  && DIV

: HP RGHIIG GOV FRABFWG LQ P RXVH WDLQV DV WIMMAFDED H FKDQJ HDE®! VIR HQDE®!
DQDOWY LQ FDVHV Z KHUH Z H FREFVWG SKHQRWSLF DQG QRWP DI HG 6 GDRQP LFH I LRP
WKH VOP HVADIQ EXWQRWKH VDP HP LFH 5DQGRP  SDIWVRI SKHORWSIF DQGQRWPP DI HG 6
GOV FRP ELOQHG DANKH [ DP LO GIYHO Z HH\VDP SOG WP HV DQG HDFK VXEMIFWG VR
LDQGRP | RUHVALHI LMWMRQ DQDOMY P LFURELDCDEXQGDQFHV DV SUHGIFVRUY SKHORWSH DV VKH
IHVSRQWH YHAVRU  $QDOMY Z DV SHURWP HG XMQJ VKH 5 LDQGRP ) RUAVWP SGP HOIARQ
QMHH DORVKHUSDLDP HAAW VHWUR GH DXAV | WY QHFHWDUL VR UHVDP SO WP Hy
VR P RGHOYDUDQFH DWRFLDWAG Z VK LDQGRP SDILLQJ XQGHUWKH H FKDQUIHDEL@W P RGHO: H
VKHQ J HOHIDWG QX@GMMEXVRQV Q E\ SHP XVIMRQ Rl \WDLQ LGHQW LH DIVIAU
\VOP S@QJ VR LHSURGXFH SDILHG GOV ) RUHDFK V[ RQRP LF 1DP L®  REVHUYHG DQG QX@

P SRUDQFHP HDVXUHV ,QF0 6(  LQFUHDVH LQ P HDQ VT XDUHG HULRU Z HH FRP SDUHG VR
GHWALP LOH WL QULFDQFH 3 YDOXHV' Z HUH FRP SXVWHAG DV ViKH QDVWUDOQRQSDLDP HWIF HWAP DM
Rl VIKH @\HIKRRG Rl ViKH REVHUYHG GMAMEXVIRQ XQGHUVIKH SHIP XWWG GIMAMEXVRQ
6SHFLILFD® | RUHDFK REVHUYHG VFRUH X U 4 DQG VIKH QX@GMMEXWRQ 4 Z HFRP SXVHG WWH



WONRIu; UQ GHORWGKrq i DQG VKH HP SLUIFDOT XDV XQGHUVKH QX@; nrqi ZKHH
n= WKHQ RXUILQD® YDOH LVILYHQE\ P — value = Y/ (1/n)p; 1 RWMAVKD/P;

nrqi 7KLWVP YDOXH KDV VKH GRMLDE®! SLRSHUN VKDALY ERXQGHG EHIRZ E\ \WH VDP S®
M] HVP XOWAG | RUVIKH QX@ DQG Rl FRXUMH ERXQGHG DERYHE\  * LYHQ VKDALY

QRQSDLLP HWUF LV FROQWHUYDAYH 7XNH ERf SRWRI  ,QF0 6( Z HWH JHOHDWG XMQJ VKH
GHDXOWP KRG LQJISRW WH

7R HWAP DM WMH SLRSRUARQRI 2 78 YDUDAWRQ H SOIQHG E\ JHOHMEV DQG VRXUFH Y% 61 3V
Z HH VHBPWG Z KHH VX! | LELHOWABAMAFDOSRZ HUH, MW IRUP RGHAQJ  Z WK FRP SDUDEGH

DABIOF | LHTXHQFLHV IRUVRXUFH % DQG % " |WDPMRQ R DIBI®! | LHTXHQR 1Q% DQG
o ILRP NRLQWA 7/ LOWAYDY 61 3VZ MK DP ELIXRXV RUKHWAR] \ JRXV JHQRWSHV IRU
DQ VWDIQ Z HH I LOWHG ) RUHDFK LOWAUYDO D UHSURVHQUIMYH 61 3 Z VK VIKH BRZ HAWXP RI

0 DQQC KIV@QH U P YDOXHV DFLRW2 78V Z DVVHBFWG 2 78 FRXQW Z HHVKHQ P RGHIDG

DVD @HDUIXQPARQRI 613 JHORWSH 613V DQGVRXUFHY% XVQI WKHI® I XQPMRQ LQ
5 ' DZ HHVXEVDP SBIG GDYIQI RX\W Rl VIKH GDVD DQG \VKH P RGHCZ DV | WMG

WP HV ) RUHDFK 2 78 P HDQ SHIFHQAGHYIDQFHH SOIOQHGE\ % DQG FRP ELQHG 61 3VZ DV
LHSRUMG

([ WDAIRQR P HV2EROWWAV | LRP | DHFDOKRP RIHQDVWAV

0 HVBEROWA Z HH H WDRWAG | LRP P RXVH | DHFDOVDP SV XVQJ D P HKDQRO VRQLFDARQ

P HIKRG | RUMADIO LOIRUP DVRQ DQG QXP EHURI UHSTFDVWA VDP SV VHH 6XSSOP HQDU. 7 DEG
%UH ® SRUARQVRI ViKH KRP RIHQL HG VDP SGV Z HH Z HJ KHG DQG H WDRWG Z MK FRTG

® & P HKDQROSIRSRUARQD® P OROHQADGGHGSHU P J KRP RIHQDWM LQD

P LFURFHQM XJHWEH 7 KH DYHUDIH Z HIKWRI ViKH KRP RIHQL HG IDHFDODP SBVZ DVt
PJ P HDQr WIQGDUG GHYIDARQ VG DQG VIKH P FVKDQRCH WDFW FRQUBLOHG VIKH VOP H

WHRUMMFDOFRQFHQADARQR! P HEERDMY $  vOYROXP HRI HOFK P HVIKDQRCH, WDRPWZ DV

WDQM HULHG VR J @W YLD DQG GUHG LQ DVSHHG YDF FROFHQWIVRU / DEFRQFR &HQWO 0S

UHQFKVRS 9 DFXXP & ROFHQWDVRU ' UHG P HVBER@M H WDFW Z HH FKHP LFD® GHUYDW] HG

XVLQJ DP RGU HG YHMRQ Rl VIKH SIRVRFROXVHG VR FU-DWM) LHKQY LE. %UH ® GUHG

P HVEEROM H WDFW Z HH GUHG DI DIQ VR UHP RYHDQ\ UHVIGXDCZ DAULL ViKH. KDG EHHQ

WRIHGDWO & 7R SLIRWFWFDLERQ QJ LRXSV DQG UHGXFH ViKH QXP EHURI VIXVRP HUF

MRPHWV VORI P HWMR[\DP LOHIQS\UGIQH P JP @ Z DVDGGHG VR HOFK \DP SO

IRCGRZ HGE\ YRUM[ LQJ IRU  VDQG LOFXEDARQDW  0& Z MK JHQHURXV VKDNLQJ



USP IRU P LQ $WKLSRIQNKH VDP S YLDV Z HUH LQYHUMG RQFH VIR FDSVXUH DQ\
FRQGHQVDMRQ Rl VROHQADWIKH FDS VXU DFH |RE@RZ HGE\ DEUH FHQMIXJDARQDW g
IRU P LQ 7R GHLYDW HK\ GUR[ \ CDQG DP LOH JURXSV VR WIP HiK\ MO @MG 70 6 [RWP V
VORIN PHK\ QN  WIP HK\ GLOOWL XRUIRDFHVEP IGH 0 67) $ Z LVK

WIP HA\ GKRIRUDQH 70 &6 Z HIH VIKHQ DGGHG VR HDFK YIDOIR@RZ HGE\ YRUM LQJ IRU  \
DQG LQFXEDARQDW  0& Z VK VKDNLQJ USP IRU PILQ $JDIQ \WH\DP S®i YIDWY

Z HH LQYHUMG RQFH IRTRZ HGE\ FHQAWUXIDARQDW ¢ IRU P 1Q 7KHVDP S®VZ HH
DARZ HG VR FRROR LRRP VP SHUDWUH DQG DQDOVHG VIKH VDP H GD)

$Q$ILBN & $ FRXS®IG Z VK DVQI B TXDGUXSR®I0 6' & $J LB HFKQR®RI LHV
Z DV XVHG DQG WWH VOP SGNV Z HUH EGRFNHG DQG DQDOVHG LQ UDQGRP RUGHUIRUHDFK
H SHUP HON$Q+3 0B6FROPQ P~ PP~ VP $JIBIOW HFKQRBILHY Z DV
XVHG | RUXQUBU G P FVIBERGRP LFV DQDOVHY 7 KH VDP SO LQWFVIRQ P RGH Z DV VSOV DQG
VORI HDFK VDP S®I Z DV IQWFWG 7 KH LOMIPURQ SRUMMP SHDXUHZ DVKHG DV - &
VKLRXJ KRXWWKH DQDOMY 7KH* & RYHQZ DVKHB DV & IRU P LQ DI VMULQWPRQ DQG VKH
WP SHDXWHZ DVKHQ LOFUHDWGVR o0& B\ 0& PLF IRGRZHGE\ D P LQKRWG DV
® WH 7KHKHIXP JDVI®Z WDWAVIRUHDFK H SHUP HOAZ HH GHALP LOHG B\ ViKH
$J LBIONE HMAQWRQ 7 1P H/ RFNLQJ | XQPVIRQ EDVHG RQ DQDOMY Rl GHXVIADWG P \ UMAF DFLG
DQGZHHIQWHWQHRT ¢ PCPLF ' DDZHHFRMFWG RYHUKHP DVWDQH  C
m/z $ P I WWHR IDW DFIGP HK\ CHWHA ) $0 (V & G&  Z DVDQDOVHG RQFH SHU
GD VRIHWHUZ LYK VIKH VDP SOV | RUUHMQURQ LOGH, DI QP HQWSXUBRVHV GXUQJ VXEVHTXHQL
GDVd DQDOWY

* &C0 6 UZ GDVD | LBV Z HIH SLRFHWHG XVIQJ VKHO HVEERDWA' HWRVRUVRIVE DUH YHUARQ
EHVD WH WIHO $ILBQW' 11BN Z HH FRQYHUMG VR QHVE' ) |RUP DWKVQI $.J LOIQW
&KHP WIMRQ IRTRZ HGE\ FRQYHUMRQ VR ELQDUL [ LBV XMQJ 0 HEERDM' HWFVRU 5 HAQURQ
IQGIFHV 5,V Rl GHVPVG P FVBEROWAY Z HH FDBX@WG EDVHG RQ DQDOMY Rl ViKH ) $0 ( V

P L[ WWH IRGRZ HG B\ \WWHUFKURP DVRIWDSKLE DD QP HQAWDFLRW DADQDO VHV DI iU
GHFRQYROMRQ 0 HVEEROWAV Z HH LMD [GHOW IHG E\ P DWKLQI H SHUP HQBOVSHPAD VR
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